Reactive oxygen species (ROS) and free radicals induce membrane damages, DNA strand breaks, and protein alterations. Oxidative stress, induced by oxygen radicals, is believed to be a primary factor in various degenerative diseases as well as in the normal process of aging. The ROS are involved in the course of aging, cancer, cardiovascular disease, diabetes, neurodegenerative disease, osteoporosis, etc. 1, 2) Among the various reactive species, superoxide radical ( · O 2 Ϫ ), hydroxyl radical ( · OH), hydrogen peroxide (H 2 O 2 ), and hypochlorous acid (HOCl) play important roles in the pathophysiologies as mentioned above, which make them potential targets for the chemotherapy of inflammatory diseases.
Among the various reactive species, superoxide radical ( · O 2 Ϫ ), hydroxyl radical ( · OH), hydrogen peroxide (H 2 O 2 ), and hypochlorous acid (HOCl) play important roles in the pathophysiologies as mentioned above, which make them potential targets for the chemotherapy of inflammatory diseases. 3) Neohesperidin dihydrochalcone (NHDC) is an intense sweetener which is produced by hydrogenation of neohesperidin first prepared by Horowitz and Gentili in 1963. 4) Citrus fruits are rich sources of neohesperidin; the peels of oranges, lemons, and grapefruit contain bitter taste of neohesperidin. [5] [6] [7] [8] [9] Dihydrochalcones are a family of the bicyclic flavonoids, defined by the presence of two benzenoid rings joined by a three-carbon bridge. NHDC, the most familiar among these compounds, is permitted for commercial use as a food additive in Europe on the basis of its safety assessed by the EU Scientific Committee for Food. 10) In recent studies, there were several reports about improve the solubility and stability in aqueous solution and another research group evaluated neohesperidin-rich plant to get a source of NHDC. 8, 11) Some dihydrochalcones including phloridzin and myrigalone B have been found to occur naturally 12, 13) and to possess an antioxidant activity. 14, 15) Several chalcones inhibit various enzymes involved in the generation of reactive oxygen species and many of their pharmacological properties are supposed to be related to their antioxidant effect. 16) Recently, 2Ј,5Ј-dihydroxychalcones have been reported as potent anti-inflammatory chemicals. 17, 18) Although a large number of antioxidants, including most types of flavonoids, have been reported in the literature, there are few systematic studies of dihydrochalcones on biological activities such as an antioxidant effect. In recent studies, NHDC can inhibit DPPH stable radical, lipid peroxidation, and xanthine oxidase activity. 19, 20) However, there are few reports to evaluate NHDC as an antioxidant or specific radical scavenger.
In this study, to evaluate NHDC as a novel antioxidant material for a pharmaceutical agent or a food additive, its stable radical scavenging activity and inhibitory effect on the major inflammation-related ROS including · O 2 and trypsin-EDTA were from GIBCOBRL (New York, NY, U.S.A.).
Trolox Equivalent Antioxidant Capacity (TEAC) Assay
This assay is based on the scavenging of the relatively stable ABTS radical. 21) ABTS radical was generated by the incubation of 7 mM ABTS with 2.5 mM potassium persulfate in the dark at room temperature for 12-16 h, which was then diluted to 60 mM using a molar extinction coefficient of · ABTS ϩ at 734 nm (eϭ15 mM
). The · ABTS ϩ solution in water (2.5 ml) was mixed with tested compounds for 15 min, then the absorbance of the reaction mixture was measured at 734 nm. TEAC values were calculated from the slope of a plot (A 0 /A i )Ϫ1 versus the compound concentration at (A 0 /A i )Ϫ1ϭ1, where A 0 is the absorbance in the absence of tested compound and A i is the absorbance in the presence of tested compounds.
Superoxide Radical Scavenging Assay Superoxide radicals ( · O 2 Ϫ ) were generated non-enzymatically in a phenazine methosulfate-NADH system. 22) Briefly, the reaction mixture of 20 mM phenazine methosulfate, 78 mM NADH and 50 mM NBT in 0.1 M phosphate buffer (pH 7.4) was incubated with each sample. After 3 min of incubation at room temperature, the absorbance of the reaction mixture was detected at 540 nm using microplate reader (VERSAmax, Molecular Device, Seoul, Korea).
Hydroxyl Radical Scavenging Assay Hydroxyl radicals ( · OH) were generated by a Fenton system (ascorbic acid/FeCl 3 -EDTA/H 2 O 2 ) and the deoxyribose method was performed. 23) Reaction mixtures contained potassium phosphate buffer, pH 7.4 (10 mM), deoxyribose (2.8 mM), H 2 O 2 (1.42 mM), FeCl 3 -EDTA (20, 100 mM), ascorbic acid (50 mM), and tested compounds in a final volume of 1 ml. After incubation at 37°C for 1 h, 1 ml of 2.8% (w/v) trichloroacetic acid (TCA) and 1 ml of 1% (w/v) thiobarbituric acid (TBA) were added, and the mixture was heated in a water bath at 100°C for 15 min. The absorbance of the resulting solution was measured at 532 nm.
Hydrogen Peroxide Scavenging Assay Hydrogen peroxide (H 2 O 2 ) was measured by the formation of brown color in the reaction mixture containing PBS (phosphate-buffered saline) and 0.28 mM (0.1 mg/ml) phenol red shortly before the start of each experiment. To standardize this assay, 8.5 U/ml (50 mg/ml) of horseradish peroxidase (HRP) and aliquots of 30% H 2 O 2 were added to 1 ml of the above-described solution (to give final H 2 O 2 concentrations at 20 mM). These samples were incubated for 5 min at room temperature then 10 ml NaOH (1.0 M) was added and the absorbance was detected at 610 nm.
24)
Hypochlorous Acid Scavenging Assay HOCl was prepared immediately prior to use by adjusting NaOCl to pH 6.2 with diluted H 2 SO 4 . The concentration was calculated using molar extinction coefficient of 142 M Ϫ1 cm Ϫ1 at 291 nm. 25) The assay was modified from previous HOCl scavenging method. 26) The mixture containing 25 mM HOCl, 2 M potassium iodide, and 150 mM taurine were incubated with each tested compounds for 20 min at 37°C and the absorbance was measured at 350 nm.
Inhibition of Protein Degradation Human serum albumin (HSA) was used as a model protein to assay the antioxidant activity of selected substances against HOCl and H 2 O 2 . Ten microliters of HOCl was added in 100 mM sodium phosphate buffer (pH 7.0) with 0.05% (w/v) HSA. After incubation for 15 min at room temperature, each protein in the reaction mixture was analyzed by electrophoresis using a 7.5% polyacrylamide gel. 27) As the same procedure, 25 mM H 2 O 2 and 10 mM Fe 2ϩ was incubated with tested compounds for 30 min at 37°C, and the reaction mixture was analyzed by electrophoresis. SDS gels were digitally photographed, and the integrated density of each band was quantified using ImageJ software (version 1.32j, NIH, http://rsb.info.nih/ij/).
Inhibition of Plasmid DNA Strand Breakage We modified previously reported method to induce DNA cleavage by HOCl.
27) Two-tenths micrograms of pRSET-B DNA (2.9 kb) was incubated at 37°C for 10 min with the reaction mixture containing 1 ml of samples (negative control was DMF) and 50 mM HOCl in PBS (pH 7.4). The reaction mixture was then analyzed by electrophoresis on a 1% agarose gel. After staining in ethidium bromide (EtBr) for 10 min, DNA band was detected under the UV lamp. As the same procedure, After 25 mM H 2 O 2 , 10 mM Fe 2ϩ , and 0.2 mg of pRSET-B DNA was incubated with tested compounds for 10 min at 37°C, the reaction mixture was analyzed by electrophoresis.
Cell Viability Assay In this study, we used WST-8 dye, a novel tetrazolium salt with advantages over the conventional one by producing a highly water-soluble formazan dye and characterizing in stability and sensitivity for cell viability measurement. 28) HIT-T15 (ATCC CRL-1777) and HUVEC (ATCC CRL-1730) cells were grown and maintained in Dulbecco's modified Eagle's medium (DMEM; GIBCO/BRL), supplemented with 10% fetal bovine calf serum (FBS; GIBCO/BRL). One hundred thousand cells in each well were incubated with various concentrations of NHDC and other compounds. After treating HIT-T15 and HUVEC cells with 500 mM HOCl, WST-8 dye was added to each well, and the absorbance was detected at 420 nm with microplate reader.
Statistical Analysis Data are presented as the meansϮS.D. All statistical tests were performed using SPSS for windows (version 13). Statistical analysis of group differences was examined using the non parametric Mann-Whit- ney-U test. p values Ͻ0.05 were considered to be significant.
RESULTS

Stable Radical ( · ABTS
) Scavenging Activity Antioxidant activity of NHDC was evaluated by indication of trolox equivalent antioxidant capacity (TEAC) value. TEAC value is millimolar concentration of a trolox solution having the antioxidant capacity equivalent to a 1.0 mM solution of tested compounds and this value is used as an index of antioxidant capacity.
21) The antioxidant effects of NHDC and the other tested compounds are summarized in Table 1 . The TEAC value (1.6Ϯ0.1 mM) of NHDC means that the antioxidant activity is greater than trolox, and it is the most effective scavenger of stable radical among all the tested compounds followed by phloridzin (1.5Ϯ0.3 mM) ( Table 1) . Phloridzin, a dihydrochalcone compound, showed antioxidant activity higher than ascorbic acid, but the value of neohesperidin, precursor of NHDC, was only 0.6Ϯ0.2 mM. The TEAC value of neohesperidin was lower than BHT and ascorbic acid, and mannitol had no effect on ABTS radical scavenging. The results show that dihydrochalcone compounds have strong hydrogen donation capacity and NHDC is evaluated as an effective antioxidant.
Superoxide Radical ( · O 2 ؊ ) Scavenging Activity Because NHDC can inhibit xanthine oxidase, 20) non-enzymatic superoxide radical generation system was used in this experiment. 22 ) NHDC showed superoxide radical scavenging activity depending on its concentration (data not shown). It showed 43.5Ϯ1.4% scavenging activity at 100 mM of concentration, however mannitol had almost no effect on · O 2 Ϫ (Table  2 ). It was found that phloridzin (45.7Ϯ1.9%), NHDC (43.5Ϯ1.4%), and neohesperidin (34.2Ϯ0.7%) provided stronger activity than BHT (7.5Ϯ0.9%) and ascorbic acid (12.1Ϯ2.4%). Phloridzin, NHDC, and neohesperidin have several oxidizing groups and this result indicates that the oxidation group might contribute to superoxide radical scavenging activity.
Hydroxyl Radical ( · OH) Scavenging Activity NHDC could inhibit hydroxyl radical-induced degradation of deoxyribose into malonaldehyde in a concentration dependent manner (data not shown). Similarly with previous report, 20) NHDC had relatively lower scavenging effect on hydroxyl radicals rather than on the other ROS (Table 2) . NHDC showed 26.5Ϯ2.8% inhibitory effect on hydroxyl radical at 100 mM while the scavenging activity of BHT (11.2Ϯ3.2%), well-known antioxidant, and mannitol (5.5Ϯ1.9%), hydroxyl radical scavenger, is lower than that of NHDC. Interestingly, neohesperidin and phloridzin showed almost the same inhibitory function with NHDC but their scavenging effect on · OH were lower than ascorbic acid (30.2Ϯ1.2%). This result explores that NHDC has a relatively poor scavenging effect on hydroxyl radical than the other ROS.
Hydrogen Peroxide (H 2 O 2 ) Scavenging Activity In Table 2 , NHDC showed the highest inhibitory effect (73.5Ϯ0.9%) among all the tested compounds at the same concentration (100 mM). BHT and mannitol showed no property on hydrogen peroxide scavenging effect. Neohesperidin, phloridzin, and ascorbic acid have significant H 2 O 2 scavenging capacity compared with the other tested compounds, and dihydrochalcone structure might have benefits to scavenge hydrogen peroxide.
Hypochlorous Acid (HOCl) Scavenging Activity NHDC is the most powerful scavenger of HOCl among all the tested compounds in this assay. It showed more than 90% of relative inhibition at 10 mM (Table 2) . Phloridzin has a remarkable HOCl scavenging activity (76.0Ϯ1.4%) while BHT and ascorbic acid showed lower than these dihydrochalcone compounds, especially neohesperidin showed only 39.0Ϯ 6.1% of HOCl scavenging effect. NHDC showed HOCl inhibitory effect in concentrations dependent manner (data not shown). From this result, dihydrochalcone structure seems to have benefits to scavenge hypochlorous acid.
Inhibition of Protein Degradation To investigate protective function on proteins against HOCl attack, human serum albumin (HSA) was used as a model protein. When over the 100 mM of NHDC was incubated with protein, HSA was not degraded by HOCl (Fig. 2A) . NHDC-only treatment on HSA had no toxic side effect even at 1 mM (data not shown). At the same concentration of 500 mM, dihydrochalcones (phloridzin and NHDC) scavenged HOCl effectively however BHT, a well known antioxidant, and mannitol, a sweetener and a hydroxyl radical scavenger, could not protect HSA against HOCl attack (Fig. 2B) . Phloridzin was also evaluated as a HOCl scavenger and it could protect albumin protein while neohesperidin partially inhibited protein degradation against HOCl. NHDC inhibited 'Fenton reaction'
)-induced protein degradation in concentration dependent manner (Fig. 2C) . At the same concentration of 500 mM, NHDC showed the most powerful inhibitory effect on protein degradation among all the tested compounds while phloridzin did not protect albumin protein (Fig. 2D ) because of its poor hydrogen peroxide scavenging activity (Table 2) . Ascorbic acid could inhibit protein degradation induced by HOCl and H 2 O 2 ϩFe 2ϩ remarkably (Figs. 2B, D) and NHDC showed almost the same inhibitory effect with ascorbic acid. In Figs. 2B and D, densitometric analysis of each protein band showed quantified gel image and confirmed the protective effect of NHDC on protein against ROS attack more clearly. Thus, the result implies that NHDC is a novel H 2 O 2 and HOCl scavenger and dihydrochalcone structure is beneficial for these non-radical ROS scavenging activity.
Inhibition of Plasmid DNA Strand Breakage
To determine the inhibitory effect of NHDC on DNA strand cleavage caused by HOCl, pRSET-B plasmid DNA was used for this experiment. NHDC protected plasmid DNA in concentration dependently against HOCl (Fig. 3A) . When 1 mM of NHDC was treated to DNA, the band was at the height of both the linear size DNA (2.9 kb) and open-circular size, while the band was only open-circular form at 5 mM of NHDC. However, there was super-coiled form of plasmid DNA when over the 10 mM of NHDC was treated to DNA and NHDC protected DNA perfectly against HOCl attack. Phloridzin and neohesperidin partially inhibited DNA strand breakage while BHT and ascorbic acid could not (Fig. 3B) . Interestingly, NHDC could not inhibit H 2 O 2 and Fe 2ϩ -induced plasmid DNA strand breakage at all (Fig. 3C) . In this result, NHDC selectively inhibited DNA strand breakage only against HOCl and it was evaluated that antioxidant activity of NHDC is more benefit for hypochlorous acid.
Inhibition of Cellular Damage Hamster pancreatic beta cells (HIT-T15) and human umbilical vein endothelial cells (HUVEC)
were used to analyze the cellular protective effect of NHDC against HOCl (Fig. 4) . NHDC protected cells from HOCl attack in concentration dependent manner (Figs.  4A, C) . At 500 mM of NHDC, cell viability was over the 90% of HIT-T15 (Fig. 4A ) and 60% of HUVEC (Fig. 4C) . NHDC showed the most powerful cellular protective effect against HOCl among all the tested compounds (Figs. 4B, D) . Interestingly phloridzin had almost the same cellular protective activity with NHDC, however neohesperidin could not inhibit cell death effectively. NHDC alone, even at 10 mM, did not showed cytotoxic effect on HIT-T15 and HUVEC cells when it was incubated with cells for 24 h (data not shown). As a result in Table 2 , it is noticeable that NHDC and phloridzin showed similar results each other and they could protect cell death from hypochlorous acid. Thus, dihydrochalcones especially NHDC can be evaluated as a novel HOCl scavenger. 
DISCUSSION
Our results have shown that NHDC exhibit scavenging activity not only for stable radical but also for various inflammation-related ROS, with a variable potency, depending on the assayed compound and reactive species. Several scavenging effects in this report are announced for the first time here. Thus, dihydrochalcones including NHDC and phloridzin are shown to be potent scavengers of HOCl. The present study clearly shows that NHDC has more inhibitory effect than ascorbic acid and BHT in most assays. Interestingly, NHDC showed extensive inhibitory effect especially on non-radical ROS (H 2 O 2 , HOCl).
Many chalcone derivatives show anti-oxidative and antiinflammatory properties, which include their potency to inhibit lipoxygenase and cyclooxygenase activities as well as lipid peroxidation. 18, 29, 30) Dihydrochalcones are a family of bicyclic flavonoids, defined by the presence of two benzene rings joined by a saturated three carbon bridge. Phloretin and its glucoside, phloridzin (phloretin 2-b-D-glucose) are abundant in apples. 31, 32) Phloretin, an aglycon of phloridzin, is a dihydrochalcone flavonoid that displays a potent antioxidant activity in peroxynitrite scavenging and the inhibition of lipid peroxidation. 31) NHDC is not a natural compound but generated by hydrogenation of neohesperidin, major citrus flavonoids. Other reports have it that NHDC has a xanthine oxidase inhibitory function and can inhibit lipid peroxidation. 20) Also in the previous report, NHDC could react with DPPH stable radical to show an antioxidant activity. 19) It has been shown that the antioxidant activity of flavonoids resides in the aromatic OH groups. 33) In the ring B, this is the catechol moiety and the activity of one of the hydroxyl groups is enhanced by the electron donating effect of the other ones. In the AC-ring, the number of hydroxyl group is an important factor to show antioxidant activity and 2Ј-hydroxyl group of dihydrochalcone is the most important pharmacophore. 31 ) Also 2,6 or 2,4,6-hydroxyacetophenone moiety is a unique pharmacophore responsible for the antioxidant activity of dihydrochalcones, which is quite different from the case of other flavonoids. 31) Interestingly in Table 3 , IC 50 vale (concentration required for 50% inhibition) of NHDC on HOCl is the lowest and the highest on · OH. NHDC has higher scavenging activity about hypochlorous acid than hydroxyl radical might be caused by its structural characteristics. In the previous report, phloretin had potent peroxynitrite scavenging activity and showed inhibitory effect on lipid peroxidation. 31, 33) Because NHDC has similar structure with phloretin and phloridzin (Fig. 1) , it might scavenge peroxynitrite and inhibit lipid peroxidation. In the recent report, hesperidin had little effect on superoxide, hydroxyl radical, and lipid peroxidation while NHDC showed efficient inhibitory activity except on hydroxyl radical. 19, 20) However, hesperetin dihydrochalcone and NHDC have more remarkable antioxidant capacity than hesperetin, an aglycon of hesperidin, and neohesperidin. 19) These previous studies support our results that NHDC has possibilities to show potent antioxidant activity and other biological activities. During inflammation, the activation of mast cells, macrophages, eosinophils and neutrophils generate · O 2 Ϫ , with NADPH oxidase playing an important role. [34] [35] [36] Much of the damage caused by increased generation of · O 2 Ϫ and H 2 O 2 in the inflammatory sites arises from their transition-metaldependent conversion into the highly reactive · OH radical. 37) Hypochlorous acid (HOCl), the most abundant end product of respiratory burst-derived oxygen metabolites is generated by phagocytic cells and may be the major mediator of inflammatory tissue damage. 36, 38, 39) Also, it is a highly reactive compound that can oxidize, chlorinate biomolecules, and consequently damage the surrounding tissues by altering their normal cellular functions. 39) It has been proposed that increased ROS may induce inflammation in endothelium, alter endothelium function, and increase coagulability. 40) These ROS-induced inflammation activity also was increased in individuals with diabetes, as shown by increased levels of interleukin-6 (IL-6) and tumor necrosis factor (TNF-a). [40] [41] [42] In our results, NHDC scavenged these inflammation-related ROS effectively. It reduced protein degradation, plasmid DNA strand breakage and cell death from HOCl attack, but it could not inhibit H 2 O 2 and Fe 2ϩ mediated DNA strand breakage (Fig. 3) . Actually, NHDC showed potent H 2 O 2 scavenging activity (Tables 2, 3 ) without the effect on metal ion chelating activity (data not shown). Because the hydroxyl radical scavenging activity of NHDC was not effective and it had no metal ion chelating activity, NHDC could not inhibit hydroxyl radical formation from Fenton reaction and could not protect plasmid DNA from · OH attack. Interestingly, NHDC inhibited Fenton reaction-induced protein degradation effectively (Figs. 2C, D) . However, plasmid DNA strand cleavage could be found within 5 min, while albumin protein degradation was detected after 30 min of incubation. This result indicates the difference of the sensitivity to Fenton reaction on DNA and protein, and it could be reasoned by its sensitivity that NHDC could not protect DNA cleavage but protein degradation.
The HIT-T15 cell line is a clonal cell line of Syrian hamster b-cells and a suitable model for insulin secretion studies. 43, 44) One of main mechanisms in the pathogenesis of diabetes mellitus seems to involve b-cell dysfunction derived from excessive oxidative stress and inflammation. [45] [46] [47] [48] Previous studies suggested that the levels of antioxidants and the enzymatic activity of b-cells were much less than in other tissues, 45, 46) suggesting that pancreatic b-cells may be susceptible to oxidative stress. NHDC showed protective effect on HIT-T15 cells against HOCl attack in concentration dependent manner (Fig. 4A) . Interestingly, phloridzin could protect HIT-T15 cells from oxidative stress induced by HOCl while BHT, a well-known antioxidant, showed just a little protection activity (Fig. 4B) . In addition, HUVEC cells were used to evaluate protective effect on endothelial cells from oxidative stress. More recently, it has been appreciated that inflammatory cells produce ROS 49) and that these molecules are implicated in endothelial dysfunction associated with hypertension, atherosclerosis, and ischemia-reperfusion. 50) Figures 4C and D showed similar pattern with Figs. 4A and B and the results demonstrated the protection effect of NHDC on human endothelial cell death from HOCl attack. Only dihydrochalcones (NHDC and phloridzin) showed protective effect on cellular damage and these results imply that these dihydrochalcones can be developed for anti-inflammatory drug.
NHDC was allowed as a food ingredient by the European Union and used as a sugar substitute in a wide range of foodstuffs at concentrations of 10-40 mg/kg or mg/l 51) and it was registered as the generally recognized as safe (GRAS) compounds (FEMA No. 3811) by US-FDA, so it was considered as a non-toxic food ingredient. 52) In recent report, NHDC can be metabolized by human intestinal bacteria and the other dihydrochalcone such as phloretin was shown to be degraded by human intestinal anaerobes. 53, 54) Otherwise, NHDC showed a marked capacity to reduce the gastric ulcer index in cold-restraint induced ulcer in dose dependent manner. 55) Therefore anti-oxidative function of NHDC might be limited in inflammatory gastro-intestinal diseases in vivo for oral administration. For the study about protective function of NHDC on ROS-induced toxicity and inflammation in vivo, i.p. or i.v. injection might be more profitable than oral administration.
The possible mechanism of HOCl scavenging activity is chlorination. Recent data indicate that the reaction between flavonols and HOCl may be more complicated than a simple oxidant-antioxidant interaction, and that phenolic compounds can react with HOCl to form stable chlorinated components with each product potentially having a unique reactivity. 56, 57) There are some reports about chlorination of isoflavones (i.e., genistein) 56) and the flavonols (i.e., quercetin). 58) In our preliminary result, NHDC might directly bind with HOCl in the spectro-scanning assay (data not shown). The height of peak between 190-400 nm was decreased after incubation with HOCl and there was a new peak in 400-600 nm. This result indicates that NHDC might directly bind with HOCl and HPLC or mass spectroscope analysis of each peak will be performed and the mechanism of HOCl scavenging activity of NHDC will be discussed more in detail.
In conclusion, our results demonstrate that NHDC, the intense sweetener, can show inhibitory effect on several major inflammation-related ROS ( · O 2 Ϫ , · OH, H 2 O 2 , and HOCl) and it is evaluated as a potent HOCl scavenger. It can protect protein, DNA, and HIT-T15, HUVEC cells from HOCl attack. This study implies the possibility of therapeutic effect of NHDC and phloridzin on inflammatory diseases. Also, the intake of NHDC-containing food might contribute positive in allergic patients. There are many advantages on NHDC for drug development because of its characteristics of intense sweetener, low toxicity, and potent antioxidant activity. Further studies are necessary to elucidate anti-inflammatory activities of NHDC on the cellular level and in vivo model.
